We conducted a study of the male rut vocalizations (groans) of two closely related species, Persian and European fallow deer. Persian fallow deer are endangered, restricted to Iran and Israel, and their rut vocalizations have never been studied. By contrast, European fallow deer are one of the most common deer species in the world, and have been the subject of numerous detailed studies. Persian bucks are approximately 16% larger than European bucks, and this can have important implications for vocalizations. Persian bucks were recorded in Israel, and European bucks were recorded in the UK and Ireland. We measured temporal, fundamental frequency-related and formant-related parameters of groans and determined which acoustic parameters differed among species and populations. The comparisons revealed important structural similarities and differences, with the differences more strongly related to temporal than spectral vocal parameters. Persian buck groans were relatively long, pulsed calls of almost 1-s duration, with low fundamental frequencies, and relatively weak formant modulation. European buck groans were much shorter (0.38 s), but with similarly low fundamental frequencies and clearer formant modulation. We found some minor differences in the formant frequencies (F4 and F5) of calls of the two European fallow populations. Given the length of time since Persian and European fallow deer diverged, and that both their mitochondrial and nuclear genomes are very different, it is notable that the structure of their groans is still so similar. Our findings suggest that the factors influencing the evolution of these vocalizations (e.g. sensory system characteristics, environment and mate choice) have probably been similar for both species.
Introduction
Vocal communication is used to regulate social interactions, including those linked to sexual selection (Andersson, 1994) . The sexually selected calls of males function in attracting mates and repelling competitors (Reby & McComb, 2003a; Briefer, Vannoni & McElligott, 2010; Koren & Geffen, 2011) . The source-filter theory of call production has become the standard approach for examining the acoustic parameters of mammal vocalizations. It is advantageous because it links an animal's morphology and physiology, to its vocal parameters (Taylor & Reby, 2010; Briefer & McElligott, 2011) .
Call structure in mammals results from a two-stage source-filter process linked to the larynx and vocal tract (Taylor & Reby, 2010) . The air expelled from the lungs causes vibrations of the vocal folds in the larynx, and generates the glottal wave ('source'). The rate of these vibrations determines the fundamental frequency (F0, Taylor & Reby, 2010) . The sound then passes through the supralaryngeal vocal tract and nasal cavities and gets filtered. This filtering determines the vocal tract resonances or formant frequencies (Taylor & Reby, 2010; Briefer & McElligott, 2011) . The sound that finally emanates from an animal results from this source-filter process. Body size is also linked to lung capacity, which is an important determinant of call duration (Fitch, 2006) . Using the source-filter approach when examining the calls of a species that has not been previously studied, allows direct and detailed comparisons with more well-known ones (Cap et al., 2008; Kidjo et al., 2008; Frey & Riede, 2013) .
The fallow deer genus Dama diverged from the Cervinae, and later split into two species during the Pliocene epoch; between 4.13 and 2.85 MYA (Persian fallow deer Dama mesopotamica and European fallow deer Dama dama; Gilbert, Ropiquet & Hassanin, 2006; Hassanin et al., 2012) . Until recently, questions remained about whether the two types were distinct enough to be considered species or subspecies (Fernández-García, 2012) . However, we now know that they are sufficiently divergent to be considered true species (Hassanin et al., 2012) . Both originate from West Eurasia (Persian fallow deer, e.g. Iran, Israel and Turkey, Saltz et al., 2011 ; European fallow deer, Turkey and possibly Greece, Masseti, Pecchioli & Vernesi, 2008) . Persian fallow deer are extinct in most of their former range. Small populations exist in Iran (remnant) and Israel (reintroduced), but the species remains classified as endangered (Saltz et al., 2011; Fernández-García, 2012; IUCN, 2012) . By contrast, European fallow deer are probably the most widespread deer species in the world, as a result of introductions (Chapman & Chapman, 1997) . However, only small numbers remain of its original, most genetically diverse source populations in Turkey and Greece (Masseti et al., 2008) . Both species are size dimorphic, have polygynous mating systems, and the males ('bucks') only vocalize ('groan') during the breeding season (Chapman & Chapman, 1997; Thirgood, Langbein & Putman, 1999) .
In the northern hemisphere, European fallow bucks start to vocalize at the end of September and continue until early November. They can reach calling rates of over 3000 groans per hour . Groaning is used to attract females, as well as to deter competing males (McElligott, O'Neill & Hayden, 1999; Reby & McComb, 2003b; Vannoni & McElligott, 2008; . During groaning, bucks retract their larynges and thereby extend their vocal tracts (McElligott, Birrer & Vannoni, 2006) . This results in lower formant frequencies, which has been linked to selection for acoustic size exaggeration (Fitch & Reby, 2001; McElligott et al., 2006) . Vocal communication (and other breeding behaviours) of Persian fallow deer have not been studied previously. However, it is known that matings take place approximately two months earlier in Persian fallow deer (Iran and Israel) than in European fallow deer in the UK and Ireland; during the second half of August compared with the latter half of October, respectively (Chapman & Chapman, 1997) .
Persian and European fallow deer are morphologically similar and capable of producing fertile hybrid offspring (Asher et al., 1996) . One of the main differences is in body size, with Persian fallow considered larger (Chapman & Chapman, 1997) . Typically for ungulates, the length of a segment of one hind leg is used as an indicator of overall body size (McElligott et al., 2001) . The average size of this hind leg measurement is approximately 37 cm for Persian fallow bucks (A.G. McElligott, unpubl. data) and 32 cm for European bucks (Vannoni & McElligott, 2008) ; thereby suggesting that Persian bucks are approximately 16% larger than European bucks. The other most noticeable difference is that Persian bucks have smaller antlers, with almost no 'palms' compared with European bucks (Chapman & Chapman, 1997; Ciuti & Apollonio, 2011) .
Species with large geographic distributions can develop variation in their vocalizations and/or sexually selected traits (Attard et al., 2010) . These are usually caused by a combination of genetic, behavioural and/or ecological differences (Janik & Slater, 1997; Slabbekoorn & Smith, 2002; Cap et al., 2008) . However, to date, variation in the vocalizations of very widely distributed European fallow bucks has only been examined at the individual level (Reby et al., 1998; Vannoni & McElligott, 2007) , and the question as to whether geographic differences already exist in the calls of populations separated only for hundreds of years (Sykes, 2004) , has not been investigated.
We investigated the sexually selected calls of both Persian and European fallow bucks. Persian fallow bucks were recorded in Israel, and European fallow buck recordings were taken in the UK and Ireland. There have been some concerns that the Persian fallow deer in Israel were hybrids of the two species. However, it is now known that the Persian fallow deer in Israel are not hybrids (Fernández-García, 2012) . Our first aim was to provide a detailed study of Persian fallow buck calls. We then investigated the parameters that are potentially responsible for differences between the two deer species, and between two different European fallow populations (Reby & McComb, 2003a; Vannoni & McElligott, 2008) . We predicted that differences between the two species would be greater than those within the two populations of European fallow deer. Our study has the potential to assist with understanding how the vocalizations of closely related species are influenced by sexual selection and other factors.
Materials and methods

Study locations and species
Persian fallow bucks were recorded during 2011 in captivity at Hai Bar Carmel Nature Reserve (HBCNR), Israel (32°45'N, 35°00'E). European fallow deer recordings were taken in Petworth Park, UK (283 ha, 50°59'N, 0°36'W) during 2011, and Phoenix Park, Ireland (707 ha, 53°21'N, 6°19'W), during 2000, 2002, 2003 and 2004 . Weather conditions during data collection in Israel (August) and the two sites in the UK and Ireland (October) differed greatly. The mean monthly daytime temperature maximum for the Israeli site was 30°C, whereas for the UK and Ireland, it was 16 and 13°C, respectively (Israel, http://www.ims.gov.il/; UK, http://www.metoffice.gov.uk/; Ireland, http://www.met.ie/). Persian fallow deer numbered 106 individuals (55 males, 51 females). They were in three adjacent enclosures (two mixed-sex and one male-only, 2-3 ha each) containing groups of various sizes. A single mating was observed on August 14, 2011. The population size of European fallow deer in Petworth Park was approximately 700 (B.J. Pitcher, unpubl. data), and the Phoenix Park population ranged from 600 to 700 (Vannoni, Torriani & McElligott, 2005) . All males (HBCNR = 6, Petworth Park = 6, Phoenix Park = 13) were known or estimated to be older than 4 years and individually identifiable .
Sound recording
Recordings were carried out between dawn and dusk at distances of 20-100 m. Vocalizations were recorded using a Sennheiser MKH70 microphone, connected either to a Marantz recorder (PMD661) or a Sony DAT recorder (DATTCD D100). Persian bucks were recorded from all three enclosures between August 14 and 31, 2011. Because the Persian bucks showed no loss of body condition (J. Stachowicz, pers. obs.), it was unlikely that they experienced fatigue (Vannoni & McElligott, 2009 ). Therefore we included groans from the whole period in the analyses. European fallow buck groans were recorded between October 4 and 19; thus minimizing the possibility that the call parameters were affected by fatigue (McElligott et al., 2003; Vannoni & McElligott, 2009 ).
Acoustic analysis
Recordings were transferred to a computer (sampling rate: 44.1 kHz, amplitude resolution: 16 bit) and saved in WAV format. Then, the narrowband spectrogram (window length: 0.04 s, number of time steps: 1000, number of frequency steps: 250, Gaussian window shape, dynamic range: 45 dB) of each groan was created using PRAAT (Boersma & Weenink, 2011) . Groans with high levels of background noise were discarded.
We analysed 128 groans recorded from 6 Persian bucks, 52 groans from 6 European bucks (Petworth Park), and 137 groans from 13 European bucks (Phoenix Park). The mean number of analysed groans per individual was 12.68 ± 1.45. To minimize pseudoreplication, most groans were extracted from different calling bouts (Reby, Cargnelutti & Hewison, 1999) . For a small number of males, this was not possible because of low numbers of recordings; 12/128 (9.38%) of Persian buck groans and 4/52 (7.69%) of European buck groans from Petworth Park were selected from the same bout. These were not consecutive and were separated by at least five other groans. We used multiple groans from single bouts for two Phoenix Park bucks, but only 12.41% of Phoenix Park groans were consecutive. Because we examined species-level differences and not individuality, any pseudoreplication effects should be minimal.
Source-, filter-and temporal-related parameters were extracted and measured using PRAAT (Boersma & Weenink, 2011) . Groan duration, the number of pulses, and the interpulse intervals were measured directly on the waveform for each groan (Fig. 1) . The inverse of the inter-pulse intervals provides the fundamental frequency (F0). F0min and F0max were obtained directly using this approach; F0mean was calculated from the other F0 values.
We estimated the minimum frequencies of the first six formants (F1-F6) using Linear Predictive Coding analysis (LPC) [Sound: To Formant (burg) command] in PRAAT. For a more accurate measurement of all six formants, we conducted several detailed LPC analyses for each groan (Briefer et al., 2010) . Formant values were plotted against time and frequency, and compared with the narrow band spectrogram of each groan in order to check if PRAAT accurately tracked the formants. We then calculated the minimum frequencies of the first six formants (F1-F6 min) by averaging their frequency values over the middle or last part of the call, when they had reached a minimum value (Reby & McComb, 2003a; McElligott et al., 2006) . Finally, the formant frequency spacing (formant dispersion, Df) and the corresponding vocal tract length (VTL) were estimated according to Reby & McComb (2003b) .
Statistical analysis
We first investigated which acoustic parameters differed between the species and populations using linear mixed effects models with maximum likelihood (Crawley, 2007) . Each comparison (species and population) was analysed in separate models and P-values were used to evaluate significance. Individuals were fitted as random factors to control for repeated sampling. We carried out further 2 × 2 comparisons between European fallow deer populations using Bonferroni-Holm correction to avoid potential type I errors (Rice, 1989) .
We conducted a nested permuted discriminant function analysis (pDFA) to verify if groans could be correctly classified to groups (species, population) by controlling for recordings from multiple individuals (Mundry & Sommer, 2007) . Before conducting the pDFA, we performed a principal component analysis (PCA) to eliminate redundancy among the parameters (12 in total) because of high intercorrelation (Jolliffe, 2005) . PCs with eigenvalues greater than 1 (Kaiser's criterion) were then used as variables in the pDFA. It was not possible to measure all acoustic parameters in each call and therefore, missing values were replaced by the average of each variable for a given individual for the PCA and pDFA (15.28% data replaced). In order to prevent this procedure from overly affecting the results, we reduced the number of calls for the PCA and pDFA, by mainly keeping calls in which all parameters could be measured (species: N = 229; populations: N = 173). Normal distributions of the data were determined by visually inspecting Q-Q plots and scatterplots of the residuals of the dependent variables. Some variables were then logtransformed to reach normal distributions (see Table 2 ). All statistical tests were carried out using R version 2.14.0 (R Development Core Team, 2012). All tests were two-tailed, except the pDFA, which was one-tailed (because of the predicted direction of results; Mundry & Sommer, 2007) , and significance levels were set at 0.05. 
Results
Acoustic structure of Persian buck groans
Persian fallow buck common groans are relatively noisy calls, slightly less than 1-s long, with visible pulses and low F0. Six formants were present below 2600 Hz (Fig. 2, Table 1 , Supporting Information S1). The first two formants remained flat across the groan whereas the upper formants (3-6) decreased after the start (Fig. 2) . In a small proportion of cases (11%, 14/128), formant frequencies increased towards the end of the call. On rare occasions (n = 13), bucks (4/6) produced harsh groans. Harsh groans were noisier, and the pulses, formants and the formant decrease were less defined (Fig. 3) . They were not used for detailed analyses because of their rarity. The highest call rate achieved by a Persian buck was 34 per minute (mean = 8.80 ± 0.88, N = 75 groaning rates, N = 6 males). 
Variation in Persian and European buck groans
Persian bucks produced longer calls, with more pulses and higher F0max than European bucks (Tables 1  and 2 ). F0min and F0mean, Formants 1-6, Df and the estVTLmax did not differ ( Table 2 ). The PCA generated three components (PC1-PC3) with eigenvalues greater than one (Table 3) . These components accounted for 83% of variation in the original data. Filter-related parameters (F1-F6, Df) were highly correlated with PC1, and F0-parameters (F0min, F0mean, F0max) with PC2. Temporal parameters (number of pulses and duration) were grouped in PC3 (Table 3) , F0min also correlated with PC3, and number of pulses with PC1. Groans were correctly classified to species (pDFA: number of correctly crossclassified elements = 125.18/129 (97.04%), P < 0.001). Therefore the groans of Persian and European fallow bucks could be clearly distinguished (Fig. 4) .
Variation in groans of European fallow bucks
The minimum frequencies of formants F1, F4 and F5 were higher in calls by Petworth bucks (Supporting Information S2) compared with Phoenix Park (Tables 1 and 2) . We found no other differences.
Four components (PC1-PC4) that exceeded eigenvalues greater than one were generated (Table 3) , accounting for 77% of variation in the original data. Formants F1-F3 were correlated with PC4, whereas the upper formants (F4-F6) were correlated with PC1. F5 and Df were also correlated with PC2. F0min, F0mean and F0max were correlated with PC1 and PC2. The number of pulses and duration were grouped in PC3 (Table 3) . Groans were correctly classified to the appropriate populations (pDFA: number of correctly cross-classified elements = 52.99/75 (70.65%), P = 0.037). This shows that although the groans of bucks from the two populations were very similar, they could still be distinguished (Fig. 4) . Bold types indicate significant P-values. The following variables were log transformed when we compared Persian and European calls: F0mean, F0max, F1, F3, F4, F5, F6, Df, estVTLmax and duration. The following variables were log transformed when we compared the two populations of European fallow deer: F0min, F0mean, F0max, F2 and duration.
Discussion
We carried out a comparative study of the sexually selected calls of Persian and European fallow bucks. The interspecific and intraspecific comparisons revealed both important structural similarities and differences, but overall, the species and populations could be distinguished (Fig. 4) . Persian buck groans were relatively long pulsed calls of almost 1-s duration, with low fundamental frequencies, and relatively weak formant modulation. European buck groans were much shorter (approximately 0.38 s), but with similarly low fundamental frequencies and clearer formant modulation. There were also minor differences in the formants of the calls of the two European fallow populations. Given the time since Persian and European fallow deer diverged, and that their mitochondrial and nuclear genomes are very different (Gilbert et al., 2006; Hassanin et al., 2012) , it is remarkable that the structure of their groans is still so similar. Because their geographical ranges have probably not overlapped (Masseti et al., 2008; Saltz et al., 2011) , it may help explain why call structure linked to species recognition has not diverged more. The evolution of species-specific vocalizations is usually driven by factors such as the sensory system characteristics, environment and mate choice (Endler, 1992; Reby & McComb, 2003b; Braune, Schmidt & Zimmermann, 2008) . Our findings suggest that these influences have probably been similar for both species.
We have provided the first study of the pulsed, relatively long common groans of Persian fallow bucks. It has been suggested that producing pulsed calls helps European fallow bucks produce high call rates (Vannoni & McElligott, 2007) . However, the mean call rate achieved by Persian bucks was nine groans per minute, which is far lower than the call rates of European bucks (often >40 per minute; . Therefore, as well as assisting with high call rates, the pulsed groans of Persian buck may also facilitate the production of longer calls. Compared with most other deer rut vocalizations (<0.5 s duration; Cap et al., 2008) , Persian buck groans are longer. They also have low fundamental frequencies that may aid the perception of formant frequencies (Kewley-Port et al., 1996) . Persian bucks occasionally produced harsh groans, and these are likely to have an 'attention grabbing' function (Vannoni & McElligott, 2007; Reby & Charlton, 2012) . Persian fallow bucks have a descended and mobile larynx, which they lower during common groans (Supporting Information S1). It is evident from the within-groan decreasing formant frequencies (particularly formants 4-6), as the length of the vocal tract increases during a groan (Fig. 2) . Because Persian bucks are larger than European ones, with vocal tracts that are also longer, we expected Persian calls to have lower formant frequencies. However, finding similar formant frequencies in the two species suggests that Persian bucks do not lower their larynges to the maximum extent as European bucks during groaning. Lowering of the larynx results in decreased formant frequencies and has been hypothesized to exaggerate body size perception (Fitch & Reby, 2001; McElligott et al., 2006) .
The most striking differences between Persian and European fallow groans were in the temporal parameters; Persian groans were much longer, with lower numbers of pulses. The larger body size and therefore lung volume of Persian bucks might enable them to produce longer calls (Fitch, 2006) . The lower groan rates (average, 9 per minute) of Persian fallow bucks compared with the groaning rates of European fallow bucks, probably partially result from the individual groans of Persian bucks being more than double the duration of European ones. European bucks are capable of maintaining calling rates greater than 40 per minute and more for extended periods . The differences in call duration, call rates and numbers of pulses of Persian compared with European bucks could be attributed to naturally occurring differences between these species. Nevertheless, the captive breeding centre where we recorded Persian bucks may also have been a factor. Call rates of European bucks are at their highest when mature bucks are interacting with oestrous females and other mature calling males are nearby. This is an indicator of threat and motivation levels . However, because the deer population at HBCNR was relatively small, with fewer oestrous females, the level of threat from intrasexual competition was lower. Nevertheless, it is unlikely that this difference accounted for all of the parameter differences that we detected. Observing and recording Persian bucks with larger social groups should help resolve this question. The average temperature during the rut for Persian bucks were approximately double that for European bucks (30 vs. 16 and 13°C, for HBCNR, Petworth and Phoenix Park, respectively). It is therefore possible that the low groan rates of Persian bucks were partially caused by very warm local temperatures, and the potential for activity to cause overheating (Frey et al., 2012) .
Fundamental and formant frequency parameters were similar in the two species, even though they were still useful for distinguishing them (Tables 2 and 3 ). These similarities, despite an approximate divergence time of over three million years (Hassanin et al., 2012) , suggest the existence of similar factors driving the evolution of vocalizations in the two species (Reby & McComb, 2003b) .
We found that although the groans of the two European fallow populations were very similar they could still be distinguished. There were minor differences in some formants (Table 2 ; Fig. 4 ); higher in Petworth (Supporting Information S2) compared with Phoenix Park bucks. This could result from two main proximate factors, linked to body size or retraction of the larynx. Higher formants may indicate that Petworth Park males are marginally smaller than Phoenix Park males (Vannoni & McElligott, 2008) , despite no differences in the estimated VTLs (Table 2) . Higher formants in Petworth groans may also indicate that these males did not retract their larynges to as great an extent as Phoenix Park bucks. All Petworth recordings were taken from lekking males (B.J. Pitcher, unpubl. data; Supporting Information S2) and the differences may represent a trade-off between the need to maintain high vocalization rates and laryngeal lowering . The fact that the time spent vocalizing over the rut is correlated with the number of matings gained in European fallow deer , suggests that this is possible. Ultimately, differences in the call structure of the two populations are likely to result from drift rather than some form of vocal learning (Endler, 1992; Braune et al., 2008; Briefer & McElligott, 2012) .
Conclusion
Knowledge of breeding vocalizations is important for an understanding of sexual selection (Andersson, 1994; Briefer et al., 2010; Wyman et al., 2011) . Our study shows that despite a long divergence period, the rut vocalizations of Persian and European fallow bucks have remained surprisingly alike. Similarly, those of two separate populations of European bucks have not changed much over a relatively short period of a few hundred years (Reby & McComb, 2003b; Hassanin et al., 2012) .
